Experimental studies of the martensitic phase transition of Ni 63.5 Al 36.5 by means of differential scanning calorimetry and x-ray diffraction show a coexistence interval of 30 K for the austenite and martensitic phase. Within a smaller interval of 10 K near the upper limit of the stability of the martensitic phase no strain broadening of x-ray diffraction lines was observed for either phase. With decreasing temperature, diffraction profiles broaden, with a maximum reached when the sample is fully transformed into the martensitic phase. This observation is analyzed in terms of heterogeneous strain broadening due to imperfect microstructural self-accommodation of the martensitic grains. No strain broadening occurs when the martensitic phase is not fully interconnected but forms isolated islands inside an austenite matrix. It is concluded that large stress fields result from the coalescence of martensitic regions in the sample. The calibration of the excess entropy from the measurements of the specific heat confirms the Landau potential of Salje et al (2007 Appl. Phys. Lett. 90 221903). Imperfect self-accommodation does not contribute to a measurable increase of the entropy of the sample.
Introduction
Most martensitic phase transitions in metals and alloys are strongly discontinuous, which limits the determination of order parameters besides its value zero in the austenite phase and a very narrow interval near unity in the martensitic phase [1] . Intermediate values have no thermodynamic stability while they may still relate to unstable states and they may also be useful for any theoretical description of the transition behavior based on analytical theories [2] [3] [4] [5] [6] [7] [8] . Recently the martensitic phase transition in Ni-Al was investigated leading to the first determination of the Landau potential of these materials [9] . It is the purpose of this paper to describe the experimental details of that investigation and to discuss the first observation of residual stresses in the martensitic phase.
Ni x Al 100−x undergoes a martensitic phase transition in the Ni rich composite with excess Ni randomly replacing Al, in the range of 60 < x < 69. The austenite phase, sometimes referred to as the β 2 phase, has cubic B2 or CsCl type structure at high temperature while the structure of the martensitic phase depends on its chemical composition. For x > 63 the structure is L1 0 (face centered tetragonal) or 3M with homogeneous {110} 110 shear strain; for x < 63 the structure is 7R or 14M with a periodic alternating shuffle of the (110) B2 planes superimposed on the homogeneous strain [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The phase transition in Ni-Al was extensively studied by various techniques [19] [20] [21] [22] [23] [24] [25] [26] . Pre-transformation phenomena and only limited phonon softening above the phase transition were found [19, 20] . Krumhansl et al [27] had suggested a generic first order Landau mode free energy to describe these features for transitions with little phonon softening and first order character. In this approach a leading order parameter related to the shuffle or the uniform deformation was invoked. Salje et al [9] followed a different approach where a thermodynamic order parameter Q is considered which scales the excess entropy of the transformation (within the framework of Landau theory including low temperature quantum saturation). This order parameter contains, via the appropriate coupling mechanisms, already all relevant physical parameters such as shuffle amplitudes, strains and any other source of excess entropy. The second step was then to investigate the scaling of the structural strain e with respect to Q. It was found that, within experimental resolution, this scaling is linear so that one may either consider the spontaneous deformation as 'primary' order parameter or, more correctly, to state that the Q has the same scaling as e while other physical excess quantities may still contribute to the transition mechanism (but do not change the overall thermodynamic characteristics of the phase transformation).
The classic Landau potentials for first order phase transition in displacive limit for the relevant symmetry constraints is a 2-4-6 model
Although this model can predict the transition behavior at high temperature very well, it is known that this model cannot simply be extrapolated to low temperatures. The underlying difficulty relates to the third law of thermodynamics, which implies that the absolute zero temperature cannot be attained. A direct consequence of this is that dQ/dT → 0 as T → 0. The saturation behavior is driven by thermodynamic effects, and not because the order parameter has reached some maximum value, which can never be exceeded.
It is shown that the key feature of the classical Landau potential, that the excess entropy is proportional to Q 2 , follows from more general physical models provided that certain approximations are made. These approximations are valid for large values of temperature, and are equivalent to the approximations made when deriving classical physics from the more general quantum mechanical models. A detailed theory of the low temperature saturation was first developed in [28] ; further applications for phase diagrams and the application of external fields such as stress field were given in [29, 30] .
In the displacive limit, the quantum version of Landau theory of first order phase transitions is expressed by a macroscopic Gibbs free energy [28, 31] :
where s is the quantum mechanical saturation temperature which characterizes the effect of zero point vibrations as opposed to thermally activated phonons. T c is the Curie temperature and A, B, and C are energy scaling parameters related to local potentials [28] . Here the expression is limited to sixth order potentials in order to keep the number of free parameters small; higher order terms were discussed in [3] . The transition is characterized by two temperatures, s and T c , therefore. Traditionally studies of phase transitions have focused on T c while determinations of s yield useful insights into the behavior of phase transitions, namely the identification of the relevant soft mode branches. s was found not greatly altered by chemical doping or application of external fields [32] .
The driving order parameter Q in the β 2 phase of NiAl is coupled bi-linearly with the spontaneous strain. A test for the validity of this approach follows from the scaling of the excess entropy which is related to the order parameter via 
S(Q)
As the spontaneous strain scales linearly with the order parameter we expect the entropy to scale as S = S(e 2 ). We will argue that this prediction is confirmed experimentally (see [33] for the similar case of SrTiO 3 ).
Experiments and results

Sample preparation
The Ni-Al samples were prepared by melting 99.99% pure elements in an arc furnace.
The samples were then homogenized at 1473 K for 5 h in sealed quartz tube and then quenched into iced water. The phase composition and microstructure were evaluated by SEM. Samples with two different compositions were obtained: Ni 63.5 Al 36.5 and Ni 62 Al 38 . The characteristic grain diameter was 1 mm.
For Ni 63.5 Al 36.5 , two samples with two different quench rates showed different transition temperatures: Ni-Al (I) at 460 K and Ni-Al (II) at 240 K, which may be due to the different order or vacancies-defect configuration (internal stress) generated by the various quenching processes. Their transition temperatures were determined by differential scanning calorimetry (DSC) measurements and by x-ray rocking curve measurements. From the SEM image of NiAl (I) shown in figure 1, needle domains of martensite can be seen in the grains. The Ni 62 Al 38 shows no phase transition above room temperature. The sample size of Ni-Al (II) for xray measurements is 5 × 5 × 2 mm 3 . Small pieces of Ni-Al (I) and Ni 62 Al 38 were cut for DSC experiments.
Differential scanning calorimetry experiments
The DSC experiments were performed on a Perkin-Elmer Diamond DSC calorimeter in the conventional scanning mode with a heating/cooling rate of 20 K min −1 . The heat flow and temperature was calibrated by standard materials (In, Zn). Apart from the temperature region of the phase transition, the differential heat supplied by a DSC instrument to a sample is proportional to the specific heat capacity at constant pressure of the latter. The specific heat was calculated by comparing the deflection of the sample and that of a sapphire standard from the baseline behavior of the empty pan [34] . An austenitic Ni 62 Al 38 sample was equally measured, its specific heat served then as baseline for the Ni-Al (I). Subtracting the baseline, the excess specific heat C p (contribution of latent heat was also included) is then exclusively due to the martensitic phase transition of Ni-Al (I) (figure 2). Endo-and exothermic peak around 470 K upon heating and cooling was observed respectively, with a hysteresis of 23 K. Integrating − C p /T in the cooling process leads to the temperature dependence of the excess entropy as shown in figure 3 . The excess entropy increases with decreasing temperature; at temperatures above 470 K a long tail exists which is not sensitive to the details of the choice of baseline. The tail may relate to small variation of composition although it may be tempting to relate them to precursor tweed and other dynamic precursor effects. Pre-transformation effects were already observed in Ni-Al as phonon softening at temperatures 100 K above the transition point for Ni 63 Al 37 and for Ni 62.5 Al 37.5, and a tweed structure at room temperature in Ni 63 Al 37 and Ni 62.5 Al 37.5 [19, 26, 35] . Previous thermal expansion measurements on a Ni 62.5 Al 37.5 single crystal showed pretransformation effects starting 115 K above the transition point [22] . The pre-martensitic temperature interval of the tail in the excess entropy is smaller than those reported in [22] , which may be due to the different composition of samples.
To check the scaling of S with respect to e 2 , the lattice parameter data of the Ni-Al sample with similar transition temperature from [25] were compared with our excess entropy data in figure 4 . In order to compare these data we rescaled the transition temperature in [25] to coincide with ours and constrained the origin of e and S by the condition that e = 0 at S = 0. The most uncertain variable is s . These uncertainties are demonstrated in figure 4 where three fits with three different values of s are shown to reproduce the experimental values equally well using our experimental data. The value of s remains poorly constraints within a large interval between 100 and 300 K. Independently, the value of In case of Ni-Al the Einstein temperature is 500 K so that we set s at 250 K as the initial value [23] . This value is similar to the value obtained from fitting of spontaneous strain data of Ni-Al (II) as discussed later. As the s does not change too much with chemical doping as mentioned above, the setting of s at 250 K appears to be reasonable. The fitting of the excess entropy with equations (2) with s fixed at 250 K is shown in figure 5 . Figure 6 shows the thermodynamic potentials (as molar excess free energy) versus order parameter at different temperatures. 512 K is the highest temperature where a local free energy minimum for the martensitic phase still exists, which roughly agrees with the temperature interval of the tail of the excess entropy in figure 3 . 
X-ray diffraction experiments
X-ray diffraction (XRD) experiments were conducted using monochromatic Cu Kβ radiation and a position sensitive detector with an angular range 2θ of 120
• . The distance between two channels is equivalent to (2θ) = 0.018
• , the instrumental linewidth of the diffraction signal is δ(2θ) = 0.08
• . In this experimental arrangement, the sample holder was tilted around an axis perpendicular to the x-ray beam, making it possible to record intensity-2θ spectra at different rocking angle ω [37] . The angular resolution of the rocking movement is 0.001
• . For regular measurements, the sample holder continually rocks in an angular range where the x-ray peaks locate. Figure 7 shows the 211 peak of austenite (B2) and 311 peak of martensite (L1 0 ) of Ni-Al (II) as a function of temperature under cooling. Crystallographically, the peaks observed in the austenite and martensite originate from the equivalent lattice planes in the two phases. We now analyze the diffraction signal in terms of the spontaneous strain of the martensitic transformation and its heterogeneous strain broadening. For transitions from cubic to face centered tetragonal, the symmetry adapted spontaneous strains are given by
where
a and c are lattice parameters of the martensitic phase while a 0 is the extrapolation of the lattice parameter of the austenite phase into the temperature region of the martensitic phase. The tetragonal strain is a tetragonal lattice distortion without change of the cell volume, which is related to the {110} 110 shear strain in Ni-Al. No volume strain is considered in our analysis. In order to calculate the spontaneous strain, the lattice parameters of austenite are extrapolated into the temperature regime of martensite to reduce the part of thermal expansion which is not related to the phase transition. The spontaneous strain increases with decreasing temperature below the transition temperature with a discontinuity at the transition temperature with zero for the austenite phase ( figure 8 ). The calibration of the order parameter was then done in the following way. By definition the order parameter has the value 1 at absolute zero temperature when quantum saturation is ignored. We maintain this traditional calibration by switching mathematically the quantum saturation off (i.e. setting s to zero). The Landau coefficients are then calculated to obtain Q = 1 at T = 0 K. We then change s back to the experimental value of 257 K. This means that the order parameter Q at T = 0 K is reduced to 0.846 which is in agreement with theory [28] . The resulting Landau potentials are shown in figure 9 . For a martensitic phase transition, the microstructure of the martensite is thought to be determined by self accommodation between different variants to minimize the elastic strain energy. The resulting heterogeneous strain is then expected to be small, i.e. below experimental resolution. This is not the case in our samples. Significant strain broadening is seen in the rocking curves in figure 10 . In order to quantify the broadening the contours in figure 10 were remeasured at different rocking angle ω with a step-width of 0.1
• . The two maxima (211 peak of austenite and 311 peak of martensite) were identified to originate from two grains with a 0.6
• grain boundary (each grain forms an individual pole in this experimental arrangement). The contour lines of 211 of austenite for the grain at lower rocking angle shows 45
• tilting, indicating some texture caused by aggregating of defects or small variation of composition which leads to a small gradient of the lattice parameter. The martensitic grains show roughly circular contour lines with no significant elongation along the Bragg angle which is indicative for stress free particles. The intensities of the rocking curves were then integrated for rocking angles perpendicular to the Bragg angle so that the resulting peak is equivalent of a powder diffraction peak. This peak was fitted with Lorentz function to obtain the peak intensity and the full width at half maximum (FWHM). Figure 11 shows the FWHM and the relative peak intensities of the martensite 311 and austenite 211 peaks across the phase transition. It can be seen that the FWHM of martensitic 311 increases with decreasing temperature in the phase transition region to a maximum at a temperature where the transition is completed. This trend was reversible under heating. The FWHM of austenite 211 followed a similar increase with decreasing temperature. Without detailed knowledge of the precise microstructure our observations can be understood as follows. Under cooling through the phase transition temperature the martensitic phase nucleates. The nuclei show virtually no strain broadening so that the transformation strain appears to be fully compensated by the appropriate microstructure within each martensitic region. We find increasing strain broadening when the transformation process proceeds. It can be assumed that increasingly larger martensitic regions interact with each other which may lead to highly strained interfaces between different martensitic variants. A similar observation was reported by Boullay et al [38] who saw tapping, bending and tip splitting of smaller microtwin variants in a region of approximately 5-10 nm width around the macrotwin interfaces and a variety of structural defects further away from the interfaces, which also shows the influence of residual stress at the interfaces. The heterogeneous strain as observed in our rocking experiment decreases slightly with decreasing temperature showing that a somewhat higher degree of strain accommodation is achieved at lower temperatures. Note that at these temperatures the order parameter is not fully saturated and that small increases of lattice deformations still occur when cooling the sample ( figure 8 ). As the effect is reversible it is unlikely that the additional strain accommodation is an entirely kinetic effect. Nevertheless, our observation clearly indicates that some strain reduction by changes of microstructure is still observed at temperatures as low as 150 K indicating a low activation energy of interfacial movements. Low activation energies of twin boundary movements were also found in ferroelastic materials with recorded movements as low as 20 K [39, 40] .
Conclusion
DSC and x-ray diffraction experiments were undertaken on two Ni 63.5 Al 36.5 samples with different transition temperatures. The excess entropy and the spontaneous strain of the phase transition were determined from the DSC data and x-ray data, respectively. Landau potentials were determined for the phase transition by fitting the data with Landau theory.
Heterogeneous strain broadening of diffraction profiles was observed and discussed in term of imperfect microstructural self accommodation of the martensitic grains once these grains coalesce at sufficiently low temperatures.
